This article provides a numerical study of the expected improvements in an underwater optical system given by a single-mode laser diode operating within a Fraunhofer line in a coastal water type. The system performance is examined for a silicon PIN direct-detection receiver in the euphotic zone. The solar irradiance, modelled as white noise, is evaluated when using a lithium niobate interference and a birefringent filter with different field-of-view (FOV) characteristics in a clear sky situation. The results of this analysis show the inverse dependence of the signal-to-noise (SNR) on the FOV, along with the significant improvement in the receiver sensitivity given by a narrow optical bandpass filter (OBPF).
Introduction
The growing number of human underwater activities, such as underwater sensor networks (UWSNs), remotely operated vehicles (ROVs) and autonomous underwater vehicles (AUVs), increases the need of efficient systems and devices for real-time monitoring and data transfer. Their use covers a wide range of applications, from difficult environments exploration (Arctic) [1] to small lakes [2] . One attractive option for underwater optical communications systems (UOCS) is underwater free-space optical (FSO) communication, a system that operates at transmission wavelengths matching the minimum absorption of water in the visible spectrum. This environment has widely varying optical properties, thus it represents one of the most complex and challenging modern engineering project. An UOCS has several advantages over traditional acoustic techniques: higher data rates and higher directionality, therefore low probability of detection (LPD) communications. Recent developments of high bandwidth (BW) GaN sources [3] and narrow single frequency laser with potentially high bandwidth [4] within the low loss transmission window of water in the blue-green region have heightened the need for a better understanding of UOCSs. The overall performances of an UOCS depend on the signal detected from a point optical source [5] and on the amount of sunlight that falls on the photodetector. In recent years, there has been an increasing interest in the development of high sensitivity photodetector in the blue-green wavelength range using alternative semiconductor materials to silicon, such as Al 0.52 In 0.48 P homo-junction Separate-Absorption-Multiplication-AvalanchePhotodiode (SAM-APD) [6] . The reported full width at half maximum (FWHM) is narrower (22 nm) than a conventional silicon PIN and the responsivity can be as high as 25 A W −1 .
Different types of UOCS have been proposed along with the associated performance analyses: a line-of-sight (LOS), a modulating retroreflector (MRR) and a reflecting non-LOS (NLOS) [7] . LOS offers the highest data rate over a long range and the best power efficiency. Despite the potential advantage to overcome obstructions given by a NLOS reflecting system by using the reflection of the water surface, maintaining the link acquisition in such a system could be difficult due to the movement of water surface. Computer modelling is a fundamental tool in order to maximize the system performance by optimizing the spatial and temporal parameters. In this article, it is presented a model describing a one-way LOS link between a laser diode and a photoreceiver submerged up to a depth of 10 m in the context of applications with significant solar background. The analysis and modelling of operation within a Fraunhofer line is obtained with the development of a MATLAB source code. The model gives the possibility to simulate different scenarios and the effect of the various parameters on the overall system performance considering two filter technologies (interference and birefringent).
The model takes into account the individual noise terms (overall shot noise, thermal noise, background noise beat components) and outputs the signal-to-noise ratio (SNR) at the receiver, along with its sensitivity and response time, for a given field-of-view (FOV). These calculations are performed for a vertical link operating within the euphotic zone up to a depth of 10 m with both the transmitter and the receiver submerged, considering the latter pointing upwards in the direction of the water level. It is assumed that a tracking system is used in the system, i.e. the laser beam is aligned with the receiver so that the angle between the optical axis of the receiver and the LOS between them is zero. The importance of the inclusion of the solar background in the system design, the resulting difference in two adjacent wavelengths and the necessary trade-off between SNR and FOV are drawn in Section (5).
The underwater light field
A solar spectrum with a subnanometer resolution exhibits many narrow dark lines that correspond to Fraunhofer lines. These narrow wavelengths intervals of relative intensity minima are a natural filters that represent absorption lines due to the cooler outer layers of the Sun's atmosphere containing vaporized elements. It is reasonable to expect that when the laser wavelength is operating within the FWHM of a Fraunhofer line, the sunlight background would be reduced. There are mainly three regions that are of interest to an UOCS: H-γ at 434.05 nm (FWHM = 0.35 nm); H-β at 486.143 nm (FWHM = 0.14 nm); Mg at 518.36 nm (FWHM = 0.16 nm) [8, 9] . At each of these wavelengths the solar irradiance is reduced with respect to the adjacent peak, hence also the background noise in an free-space optical (FSO) communication. Since the minimum value of the attenuation coefficient is shifting from blue wavelengths to green as the turbidity is increasing from clear ocean to harbour water [10] , the optimum Fraunhofer line can be selected according to the water type.
In this context the results obtained from the latter are used and the simulations compare the overall performance of a system centered on the H-γ Fraunhofer line and one away from a Fraunhofer line at 490.220 nm while using the same bandwidth filter.
Considering an UOCS using a laser source with an initial power P LD and a photodetector placed at a distance z, the transmitted optical power P (z, λ) as a function of wavelength and distance is given by Beer's law [10, 11] 
The beam attenuation over the path length is given by the total extinction coefficient c (λ), expressed as the sum of the absorption a (λ) and scattering contributions: c (λ) = a (λ) + b (λ) in units of m −1 of the aquatic medium. An additional present light field that has to be taken into account is the solar irradiance. The irradiance is the instantaneous density of solar radiation incident on the water surface [W m −2 ], considering the sum of direct Sun radiation and the diffuse sky radiation. Due to the wavelength-selective attenuation mechanism, the blue and green ranges of the visible spectrum are the ones that can represent a source of interference in an UOCS even at a depth much greater than 10 m, depending on the extension of the euphotic zone. Considering a monochromatic light, the irradiance decrease exponentially with depth and it is possible to write the dependence of spectral downward plane irradiance
where E d (0) is the value of the downward irradiance just below the surface and the product is known as optical depth. Even if K d depends on both the composition of the medium and directional structure of the light field, it has been shown that its values are mainly related to the inherent optical properties (IPOs) and not by the solar elevation [12] : smaller K d values imply less attenuation as a function of depth, i.e. greater water clarity. The clarity of different water types is classified into two categories, oceanic and coastal water. The former is subdivided into four categories (IA, IB, II, III) and the value of K d at a specific wavelength is increasing from water type I to III. Similarly, coastal areas are classified into 1 to 9 categories, with an increasing value of turbidity and then also K d . The present study considers a scenario in a coastal water type 1 that corresponds to a coastal area with low turbidity. The overall downward irradiance is a sum of different terms since the vertical attenuation coefficient is a function of the specific wavelength. In water types with a moderate turbidity, such as a coastal area considered in this study, the downward irradiance attenuation coefficient has a value between the attenuation coefficient a and the total extinction coefficient c, depending on the amount of scattering b (Eq. (11c) in [13] ). Following the previous optical water type classification, we used in our simulations a value of K d = 0.18 m −1 that corresponds to a coastal area with low turbidity (Table XXVII in [10] ).
The wavelength attenuation is higher in the red end of the visible spectrum and in the infrared region of the spectrum than in the blue-green range. Therefore, solar rejection is of the utmost importance for underwater free-space optical links operating close the water surface. As an example, the power associated with the solar irradiance in the range 280 nm to 1100 nm (power density of 710 W m −2 ) for an unfiltered receiver with a squared active area of diameter d = 0.01 m placed just at the water surface is 71 mW. The impact of the background radiation is highly variable during the day and it depends on the link geometry. Then, the highest improvement is obtained when the receiver is most susceptible of the background light such as when facing upwards. It follows that it is important to minimise the interference by background sunlight in an UOCS, in particular when operating next the water level.
In order to estimate the refractive index of water, it is used the empirical Eq. given in [14] . It takes into account the variations of the water refractive index as a function of the salinity, temperature and wavelength at atmospheric pressure as a result of a polynomial containing 40 terms that reproduces the experimental data. The pressure changes are omitted but they can be neglected, as reported in [15] and because the system is simulated from the water level down to a depth of 10 m. At λ F = 486.143 nm, with a temperature of 20 • C and a salinity of 3.5 % the calculated refractive index of seawater is n W = 1.3437. A fraction of the incident light will be reflected at the interface water-filter due to the differing refractive indices between the two media. It can be estimated using Fresnel's Eqs., assuming a plane interface for the filter [16] .
In the simulations, it is assumed a high transmission (T LD = 90 %) for the filter/lenses in front of the laser and a relatively high transmission for the one in front of the receiver (T RX = 40 %), both for an interference and a birefringent filter. The communication range can be extended by increasing the transmission power, using a laser beam with a small divergence ( 1 mrad) and using a receiver with a larger aperture. The latter, in the following simulations, is set to 10 mm.
Noise sources
In a real system various sources may cause an unwanted signal that is added to the measured one and these fluctuations from the ideal output voltage are classified as noise. This leads to errors in the conversion of the received signal and then limits the smallest signal that can be correctly read by the photodetector.
The upper limit of a silicon photodetector is limited to 1100 nm and then the solar irradiance is integrated over the range of wavelengths from 280 nm to 1100 nm. The incident direct solar radiation is modelled as having a random phase and polarisation, since the sunlight is unpolarised and the diffuse sky radiation has negligible effects on the polarisation [17] .
The plots in Fig. 1 have been calculated for an intermediate depth of 5 m and a value of K d = 0.18 m −1 , as discussed above. The solar power density in the two top panels is obtained by integrating the solar irradiance over the range of wavelengths transmitted by the filter corresponding to the FOV reported on the x-axis. The same values (expressed in nm) are reported in x-axis of the two bottom panels. The power spectral density (PSD) is obtained by dividing the solar power density E d (z) by the filter bandwidth (expressed in Hz). The solar power density at a 5 m depth, E d (5m), in the 280 nm to 1100 nm range and without any filter is 126.8 W m −2 . Considering a the worst case scenario of an interference filter with a FOV = 60°(equivalent to a bandwidth of approximately 70 nm), the relative attenuation is −9.27 dB at both wavelength. For a birefringent filter with same FOV, the bandwidth drops to approximately 1.5 nm, thus the solar rejection is improved. In this case, the relative attenuation for a center wavelength not corresponding to a Fraunhofer line (green continuous line in the plots) is −25.72 dB. This value is improved by operating within a Fraunhofer line (blue continuous line) since the relative attenuation in this case is −26.64 dB.
The differences between the two filters are due to the decreased angular dependence of a birefringent filter with respect to a conventional interference filter. This results in a wider FOV than the latter for the same solar background rejection. The plots in Figs. 1(c) and 1(d) indicate that the power spectral density (PSD) remains approximately constant across the frequencies transmitted through the narrow optical bandpass filter (OBPF) at a single wavelength. Hence it is reasonable to draw an analogy between background radiation and white noise which is treated with the traditional beat noise components in the amplifier analysis. The various sources of noise variance, expressed in A 2 , are well known in the related literature [18, 19] . The overall shot noise includes also the dark current, I D . Considering an incident optical signal with power P sig and a background solar power P bg , the shot noise variance at the receiver with a responsivity R, a gain M and a noise equivalent bandwidth BW n is given by
The thermal (Johnson) noise, due to the resistive part of the input impedance R L and the random thermal motion of electrons is given by
The impact of the thermal noise can be reduced by using a transimpedance amplifier (TIA), which has a load in the order of kΩ. However, it is important to choose a TIA with an opportune bandwidth because it is limited to about [2πRC] −1 . Due to the incoherent nature of solar background radiation, and following the analysis of the noise at the output of an optical amplifier, the total electric field at the detector is the sum of the fields from the background light and the signal light. The detector response is proportional to the square of the fields because there are two electrical beat-noise terms created: the signal-background beat noise σ 2 sig−bg and the background-background beat noise σ 2 bg−bg
where B op is the optical filter bandwidth in [Hz] . Typical values for the main components of the numerical simulation of an UOCS are reported in Table ( 1). The signal levels for a digital transmission are characterized by average values I 1 and I 0 , while the total noise is given by the sum of the standard deviations σ 1 and σ 0 , that are given by the intensity of different noise components (Eqs. 3-(6)). The optical power incident on the receiver, taking into account the loss associated with filters and/or lenses in front of the transmitter T LD and the receiver T RX , is given by
The power penalty necessary to reduce the rise time of laser pulses and its impact is described by the extinction ratio, given by the ratio of received optical powers associated with the 0 and 1 bit. Here it is assumed a non-zero value of r ex = P 0 /P 1 = 0.1, thus the noise terms related with the optical transmitted signal for the 0 bit are included in the model. Taking into account the non infinite value of the extinction ratio, the receiver sensitivity P r ec is defined as the minimum average power at the photoreceiver in order to reach a bit error ratio (BER) lower or equal to a specified value. The photocurrent associated with the two bits is given by I (1,0) = R P (1,0) . The resulting electrical SNR is defined as the ratio of the average signal power and the noise power, considering that the electrical power varies as the square of the current
Various optical filter topologies exist which would represent feasible solutions for an UOCS operating within a Fraunhofer line. The more severe restriction results from its narrow FWHM (from 0.1 nm to 0.3 nm) compared to the detection range of a silicon photodetector (from 280 nm to 1100 nm). Then a narrowband filter matching this bandwidth and with a large extinction ratio (up to 40 dB) is referred to as Fraunhofer filter.
The FOV of an interference filter with a FWHM matching of a Fraunhofer line may be extremely narrow (< 2.5° [20] ). Its value can be estimated from the angular dependence of the transmitted wavelength λ tr expanded to second order in sin(θ) (Eq. 7 in [21] ). A conventional bandpass filter can be replaced by a Lyot or birefringent filter (BRF), that uses a linear arrangements of birefringent elements and linear polarisers to transmit a narrow range of wavelengths. The angular sensitivity of a BRF is described by (Eq. 18 in [21] ). The previous Eqs. 3-(8) and analysis have been written in the MATLAB environment to simulate the system performance within and outside a Fraunhofer line. For each scenario, the resulting system performance given by two filters with typical specifications are evaluated.
Results
We consider the scenario of a laser source located at the water surface and pointing downward along the z axis where the upward-facing receiver is located. The simulations have been computed or different angles of incidence and we compare the signal collected at several optical bandwidth (B op ) with the noise associated. At the water level, λ F has a FW H M = 0.14 nm [8, 9] . Then the maximum FOV that satisfies this narrow bandwidth is obtained considering two topologies of lithium niobate filters, using the aforementioned Eqs. [21] . The corresponding FOV is 2.3°f or a conventional narrowband interference filter and 16.0°for a birefringent filter. For angles of incidence smaller than 16.0°the optical bandwidth is narrower than the Fraunhofer line when using a birefringent filter. The associated water level solar power densities E 0 at the two wavelengths chosen for the simulation, λ F = 486.143 nm and λ out = 490.220 nm, are respectively 0.157 W m −2 and 0.197 W m −2 , in the configuration of an optical filter with a FW H M = 0.14 nm placed in front of the receiver. The scenario in which the system is operating within a Fraunhofer line without the use of a filter with a high spectral resolution is highly unlikely due to its narrow FWHM. The advantage of using a narrow OBPF with a bandwidth of 0.14 nm is implemented in the next simulations, where the overall system performances are evaluated up to a depth of 10 m. It can be noticed that the background-background beat noise is independent Fig. 2 . Comparison of the electrical SNR as a function of the received power for a system within, outside a Fraunhofer line and for a receiver without any optical filtering.
of the input power in contrast with the other shot noises, such as the signal-background beat noise. In order to evaluate the effective impact in the noise components and then in the final SNR, these values are inserted into Equations (5) and (6) . The resulting differences in the SNR profiles as a function of the received power are shown in Fig. 2 . The thermal noise Equation (4) is reduced by using a large value of the high load resistance introduced by the TIA. It is worth noting that it has been assumed an OBPF, that has a relatively high transmittance (T RX = 40 %) and in particular that it does not introduce any additional losses due to undesired wavelengths that are transmitted onto the detector active area. Another assumption that has been made is a perfect alignment between the transmitter and the receiver so that the laser beam reaching the receiver is collimated and entirely collected (i.e. an active laser pointing and tracking system). It can be noticed that there is a reduction in each of the noise components, as expected, thanks to the solar background rejection obtained by using a narrow OBPF. The dominant contribution to the photodetection noise comes from the signal-background beat noise A significant amount of noise power is caused also by the background-background beat noise, in particular when the receiver is next to the laser source, placed close to the water level. The inverse relation between the SNR and receiver FOV is investigated and shown in Fig. 3 for an arbitrary vertical distance between transmitter and receiver of 5 m. A system using a conventional PIN without any solar rejection in a sunny day and facing upwards would result in high levels of background noise. The practical negative effect of the different noise components is an increased power P r ec required to keep the specified BER. Under these circumstances, higher values are associated with longer communication range and when using a more conventional detector with a reduced or absent background rejection. It demonstrates that within a Fraunhofer line the solar background power is effectively reduced. In the PIN configuration, the reduced noise that reaches the receiver within a Fraunhofer line is translated into an average but not constant gain in the SNR of less than 1 dB, as plotted in Fig. 2 . On the contrary, the higher solar background rejection of a birefringent filter is summarised in a gain up to 12 dB at both the optical wavelength. The larger collected background intensity results in a SNR that tends faster to the plateau value corresponding to the scenario when no optical filter is placed in front of the receiver. A case study is presented for an UOCS with a system geometry given in Fig. 4 and with typical values reported in Table ( The results from the numerical simulation for different scenarios are shown in Fig. 5 . The transmitter is located at the sea surface and the laser power is P 0 = 10 mW. The attenuation 
over a square grid with sides 10 m long and step size of 1 mm. The modulation scheme implemented is a non-return-to-zero on-off-keying (NRZ-OOK), which has a maximum bandwidth efficiency of 1 bit/Hz which is achieved when SNR ≥ 5 dB [22] . The BER chosen is 1 × 10 −9 and the required electrical SNR necessary to achieve error-free transmission is given by
where erfc is the complementary error function. The active area diameter of the receiver is set to d = 10 mm, the electrical bandwidth is 1 GHz and it is assumed that the required FOV for an effective pointing and tracking system operation is ±10°. Combining the maximum data rate (1 bit per second) and the electrical bandwidth of the system, the theoretical maximum data rate is 1 Gbps. From the plots presented in The difference between a transmission wavelength that matches a Fraunhofer line or not is less evident when using a narrowband interference filter with a FOV comparable with a BRF. This is because the range of wavelengths over which the solar irradiance is collected is much wider than the FWHM of the Fraunhofer line. In this scenario the wide FWHM of the interference filter reduces the solar rejection benefit of operating within a Fraunhofer line in the optical communication, as shown in Figs. 5(c) and 5(d). When comparing two filters for a given wavelength, the use of a BRF filter results in an increase of approximately 1 m in the vertical direction. Naturally, the range enhancement in the horizontal direction is higher (about 2 m), in particular when operating next to the sea surface where the solar background power is at its maximum. The scale of the colorbars in the six plots in Fig. 5 is kept constant for ease of comparison. The implementation of a BRF, in contrast with a interference filter, does not entail a degradation of the overall SNR even for wide FOV. In order to send more power at the receiver, which in turn will extend the communication range, a highly collimated beam and pointing accuracy are required in a laser based UOCS.
The use of a laser diode with a small divergence is beneficial for the system performance since it reduces the geometric loss giving the possibility to extend the communication range. The size of the collecting optics and the receiver aperture must be carefully taken into consideration in the system design process. A reduction in the receiver aperture entails an increased effect of the geometric loss and a more challenging tracking operation. On the other side, it also results in a reduced collection of the solar background radiation and in a shorter recharge time that would result in a higher bandwidth.
Conclusions
We have analysed the detrimental impact of the solar background power on the performance of an underwater optical communication system. When an optical filter is placed in front of the receiver, the PSD of the solar background over the range of transmitted wavelength can be treated as white noise. Hence, we have included in the overall SNR of the system also the amplifier equations with their associated traditional beat noise components. The results shown that it is the predominant source of noise, thus the main limiting factor. Based on standard solar irradiance data and parameters of silicon PIN direct-detection receiver, the SNR and FOV of the system have been analysed.
There is an improvement in the system performance as long as the bandpass filter has an optical bandwidth that is comparable to the Fraunhofer line's FWHM. When the range of wavelengths transmitted by the filter is much higher than the above FWHM, there is no practical advantage in operating within a Fraunhofer line. However, the performance improvement given by the implementation of an optical filter, either an interference or a birefringent one, is evident respect to the scenario where no filter is employed. This is due to the fact that the underwater link is operating near the sea level during the day, in a seawater with a relatively moderate turbidity. The decreased angular dependence of a birefringent filter spectral characteristic with respect to a conventional interference filter results in a wider FOV than the latter for the same solar background rejection. In this case, the use of a birefringent filter can give a gain up to 12 dB compared to a more conventional interference filter. The greater SNR produced is the result of the high solar light rejection that is translated into faster communications.
Collimated systems with active pointing and tracking laser system may use a conventional interference filter due to the narrow FOV. On the contrary, large FOV requirements would suggest the use of a BRF filter in front of the receiver. Also, for short range it may be adequate to use a relatively wide OBPF, whereas when using a narrow-linewidth single mode laser diode it requires a high spectral discrimination. In this work it has been considered only the optical attenuation due to the absorption, then increasing the laser power or the receiver sensitivity will result in a higher SNR. In the present study, the major system parameters have been chosen as indicative values and it is sensible to re-iterate the process to obtain a fine tuning and necessary design trade-off.
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